High-frequency bipolar electric pulses have been shown to mitigate undesirable muscle contraction during irreversible electroporation (IRE) therapy. Here, we evaluate the potential applicability of such pulses for introducing exogenous molecules into cells, such as in electrochemotherapy (ECT). For this purpose we develop a method for calculating the time course of the effective permeability of an electroporated cell membrane based on real-time imaging of propidium transport into single cells that allows a quantitative comparison between different pulsing schemes. We calculate the effective permeability for several pulsed electric field treatments including trains of 100 μs monopolar pulses, conventionally used in IRE and ECT, and pulse trains containing bursts or evenlyspaced 1 μs bipolar pulses. We show that shorter bipolar pulses induce lower effective membrane permeability than longer monopolar pulses with equivalent treatment times. This lower efficiency can be attributed to incomplete membrane charging. Nevertheless, bipolar pulses could be used for increasing the uptake of small molecules into cells more symmetrically, but at the expense of higher applied voltages. These data indicate that high-frequency bipolar bursts of electrical pulses may be designed to electroporate cells as effectively as and more homogeneously than conventional monopolar pulses.
Introduction
Biological membranes are critical to maintaining cellular homeostasis by isolating a cell's interior from its extracellular environment. The cell utilizes its membrane as a barrier to general transport, but allows for the controlled exchange of valuable nutrients, chemical signals, and waste products through transmembrane structures, which shuttle molecules into and out of the cell and maintain the precise homeostatic balance necessary for the cell's function and survival. When biological membranes are exposed to sufficiently intense pulsed electric fields (PEFs), their permeability increases, enhancing the molecular exchange between the cell and its environment. This phenomenon, known as electroporation or electropermeabilization, enables processes like gene transfection [1, 2] and chemotherapy [3, 4] to be performed much more efficiently. Molecular dynamics simulations have suggested that the formation of pores in the lipid bilayer occurs when water molecules align at the water-bilayer interface and are driven through the hydrophobic bilayer core by local electric field gradients [5] [6] [7] [8] . When water molecules cross the membrane, the surrounding lipid head groups usually follow the penetrating water molecules into the pore to energetically stabilize the pore structure [6, 9, 10] . This restructuring of the lipid bilayer has been hypothesized to alleviate the electrotension caused by collection of oppositely-charged ions on each side of the membrane [11, 12] . As long as the electric field is sustained, the pore can further expand in size facilitating the transport of ionic/molecular species across the pore [13] [14] [15] . Nevertheless, other mechanisms have been proposed to explain the increased cell membrane permeability caused by electric pulses, such as lipid peroxidation and restructuring of the membrane due to changes in membrane protein conformation [16, 17] .
Electroporation has been used clinically to either directly ablate tumor tissue or transiently increase membrane permeability to enhance drug delivery at the target sites inside the cell interior. In irreversible electroporation (IRE), the cellular membrane is disrupted to generate an irrecoverable homeostatic imbalance [18] [19] [20] [21] . In gene electrotransfer (GET) [22, 23] or electrochemotherapy (ECT) [24] [25] [26] , electroporation enables therapeutic molecules to be more efficiently delivered into cells. During an ECT procedure, a drug such as cisplatin [27, 28] or bleomycin [29] [30] [31] is first injected into a tumor site and is shortly followed by a PEF treatment, enabling the chemotherapeutic drugs to be administered with greater potency by overcoming the cell membrane's transport barrier. Because ECT is delivered locally to the tumor site, minimal systemic side-effects present as a direct result of the treatment while retaining an equivalent or greater clinical efficacy compared to traditional chemotherapy [32] [33] [34] [35] . GET is a non-viral gene transfer method that depends on PEF treatment to enhance the delivery of therapeutic genetic material [36, 37] . By inserting DNA carrying specific genetic code into cells, GET enables targeted introduction, replacement, or inactivation of selected genes. PEF treatment has dramatically improved gene-transfer efficiencies in tissues such as liver, skin, and skeletal muscle [22, [38] [39] [40] .
IRE technology has been used to treat tumors in canine brain tissue [41] , human and porcine liver tissue [42] [43] [44] [45] , and human and porcine pancreatic tissue [46] [47] [48] . By destroying malignant cells while mitigating damage to critical stromal tissue components [49, 50] , it enables the treatment of tissues around critical structures that would otherwise render the site untreatable. A notable recent improvement in IRE has been termed high-frequency IRE (HF-IRE) and replaces the long monopolar pulsing schemes traditionally used in IRE (80 × 100 μs-long pulses delivered at 1 Hz) with bursts of short bipolar pulses [20] . These bursts of short pulses partially mitigate intraoperative impedance changes [51] and virtually eliminate muscle contractions [20, [52] [53] [54] during the treatment to potentially improve both current treatment planning algorithms [20, 55] and the procedural safety for the patient due to the reduced need for neuroparalytic drugs typically required to inhibit muscle contraction. For the same reason, bursts of short pulses could also be advantageous in ECT and GET, which have historically utilized pulse widths of hundreds of microseconds to milliseconds to permeabilize the cell membrane.
In the food processing industry, however, PEFs comprised of trains of pulses of 1-10 μs are routinely used to kill pathogenic and spoilage microorganisms around vegetal and animal tissue [56, 57] .
Only recently has such electroporation been studied in mammalian tissue for medical applications that utilize controlled, square electrical pulses on the order of one microsecond [19, 58] . The observations about PEFs with microsecond pulse widths from the field of PEF-based food processing do not directly provide information on the efficiency of these pulses to enhance molecular transport across mammalian cell membranes. Consequently, more detailed study of the molecular transport occurring between a mammalian cell and its environment is needed during these types of pulses. We thereby aimed in the present study to compare membrane permeabilization obtained with 1 μs bipolar pulses and conventional 100 μs pulses, used in IRE and ECT.
In order to characterize molecular transport induced by different pulsing protocols, we performed real-time microscopic imaging of propidium iodide (PI) transport at the single cell level during and after PEF treatment. The measured changes in PI fluorescence intensity due to the uptake and subsequent binding of PI ions to intracellular nucleic acids enabled us to calculate the time course of the effective permeability of a cell membrane. This method can be further refined and validated against mechanistic models of the electroporation and membrane permeabilization processes to advance electroporation-based treatments and therapies. The results presented herein demonstrate that high-frequency bipolar electrical pulses may be designed to achieve similar degrees of electroporation as current IRE, ECT and GET pulsing schemes, but induce more symmetrical transmembrane uptake of small molecules than conventional treatments.
Materials & methods

Cell preparation
Chinese hamster ovary (CHO-K1) cells were obtained from the European Collection of Authenticated Cell Cultures and grown in HAM-F12 medium (PAA, Austria) supplemented with 10% fetal bovine serum (Sigma-Aldrich, Steinheim, Germany), 1 mM L-glutamine (StemCell Technologies, Vancouver, Canada), 5 mg/mL gentamicin (Sigma-Aldrich), and 0.01 μL/mL penicillin-streptomycin (PAA), at 37°C under 5% CO 2 . Cells were allowed to become 70-80% confluent before being trypsinized, resuspended, and transferred into glassbottom Lab-Tek II chambers (Nalge Nunc, Wiesbaden, Germany) (7 × 10 4 cells in 1 mL of growth medium) to easily observe the cells during the experiment. Cells were then incubated at 37°C under 5% CO 2 for 2 h during which they adhered to the bottom of the chamber but retained roughly spherical shape. After 2 h, the growth medium was removed and replaced with low-conductivity, isoosmotic (292 mOsm/kg) potassium phosphate electroporation buffer (KPB: 10 mM KH 2 PO 4 /K 2 HPO 4 in a ratio of 40.5:9.5, 1 mM MgCl 2 , and 250 mM sucrose; pH = 7.2; electrical conductivity of 0.16 S/m) at 25°C containing 0.15 mg/mL propidium iodide (PI) (Life Technologies, Carlsbad, USA). As KPB is approximately 10-fold less conductive than the growth medium, it was used to reduce the electric current and minimize the effects of Joule heating on the cells during PEF treatment.
Electrode design, numerical modeling of electric field distribution, and thermal considerations
Two parallel Pt/Ir alloy (90:10) wire electrodes (0.8 mm diameter wires spaced 4 mm edge-to-edge) were inserted into the Lab-Tek II chamber seeded with cells (as described) on the bottom of the glass surface. With the goal of tightly controlling the electric field to which the cells were exposed, the electric field distribution between the electrodes was simulated numerically in COMSOL Multiphysics (Version 5.1, Comsol, Burlington, MA) using the electrostatics module. The numerical calculations showed that the cells centered between the electrodes (which were monitored in the experiments) experience practically homogeneous electric field. The electric field was simulated using a 1 V test pulse (2.2 V/cm along the midline between the electrodes) to give the normalized distribution of the electric field as a result of the applied potential (Fig. 1, center and right panels).
The energy delivered during electroporation treatment was approximated in a manner similar to [59] , assuming the load may be modeled as having parallel resistive and capacitive components, R(t) and C(t), leading to resistive current I R (t) and capacitive current I c (t), respectively. Assuming that the resistance of the medium is constant R(t) = R and ideal pulses are delivered (i.e. each pulse starts and ends as V 0 = V f = 0), the capacitive current may be neglected, giving
where τ on ¼ ∑τ i is the total energized time of the electrodes during the treatment scheme, N is the total number of pulses in either polarity, τ i is the pulse width of each pulse, and V app is the steady-state amplitude of the pulse. Each of the treatments was designed to have equivalent τ on and the applied potentials |V app | in treatments B, C, and D were equivalent (500 V). Estimating the total energy delivered for treatments A, B, C, and D, V hi 2 τ on is considered constant and, if the resistance is also considered constant and estimated from V-I measurements as R ≈ 150 Ω, similar applied energies were used for each treatments B, C, and D, with treatment A having a slightly lower applied energy due to the lower potential. The estimated energy dosage delivered during treatment A is estimated to be 0.12 J and 0.33 J for treatments B, C, and D. These estimates are corroborated by the measured potentials (Fig. 2) .
To estimate the worst-case Joule heating experienced by the cells during treatments B, C, and D, we assume that the energy delivered to the cells over the course of the treatment was immediately and entirely converted to heat to induce an instantaneous temperature rise as [60] ΔT
where V app is the amplitude of the voltage applied between the two electrodes, σ is the conductivity of the medium d is the distance separating the two electrodes, and c p and ρ are the heat capacity and density of the medium, respectively. Assuming the properties of the medium are approximately that of water with altered conductivity (c p = 4200J/(kg ⋅ K); ρ = 1000 kg/m 3 ; d = 0.004 m; σ = 0.16 S/ m; τ on = 0.02 s), we calculate that the worst-case temperature increase would be 11.9°C for treatments B, C, and D. This increase would result in an increase from 25°C to 37°C, which is approximately within the normal physiological temperature range. Furthermore, when Joule heating was considered in the finite element model of the experimental electrode configuration (results not shown), the temperature increase of the portion of the chamber in which the cells were observed was calculated to be less than 10°C for treatments B, C, and D and less than 4°C for treatment A.
Microscopy & fluorescent staining
Imaging was performed using an inverted fluorescence microscope (AxioVert 200, Zeiss, Oberkochen, Germany) with a 100x oil immersion objective (NA = 1.4). To monitor PI uptake, the cells were illuminated using a monochromator set to an excitation wavelength of 490 nm (Polychrome IV, T.I.L.L. Photonics, Munich, Germany) and the emitted PI fluorescence was detected through a 605 nm bandpass filter (605/ 55 nm, Chroma, Rockingham, VT) and a cooled CCD camera (VisiCam 1280, Visitron Systems, Puchheim, Germany) as described in Section 2.1 [61] . Fluorescence images (12-bit) were captured using MetaMorph 7.7.5 software (Molecular Devices, Downingtown, PA). Control images were obtained immediately prior to PEF treatment.
Time series images & pulse parameters
Time-series images were obtained by synchronizing a laboratory prototype H-bridge-based pulse generator (University of Ljubljana) with the image acquisition software using a 3 ms logical trigger pulse (5 V) from the computer controlling the image acquisition to the input trigger on the pulse generator. The triggering delay between the rising edge of the trigger pulse and the beginning of the pulsing protocol Fig. 1 . Cells were exposed to electric field pulse trains using a pair of electrodes to generate a homogeneous electric field between the electrodes. From left to right: the entire electrode setup with a vertical slice showing the electric field distribution on that plane; the vertical slice from the left panel expanded; and the electric field distribution 5 μm above the bottom surface of the chamber shown in the horizontal slice in the left panel. In vitro application of electric fields was performed in glass-bottom chambers with Pt/Ir electrodes submerged in low-conductivity KPB pulsing medium. The electric field shown was modeled at steady state and with a voltage of 1.0 V applied to produce a relatively homogenous electric field (±3.5% variation in intensity between the electrodes). The isopotential contours and the colormap indicate the distribution of the electric field within the imaging chamber and the dotted line indicates the region from which images were obtained. The gray arrows all point in the same direction to indicate the orientation of each image. was 200 ns. Pulses were applied as described above and imaging was performed at a rate of 5 Hz with the first frame being synchronized with the beginning of the pulse treatment. Oscilloscope recordings (Wavepro 7300A, LeCroy, USA) of the applied voltage V app using a high voltage probe (ADP305, LeCroy) from each treatment are shown in Fig. 2 . Specifically, treatment A is a train of 200 positive-polarity pulses of 300 V amplitude, each lasting 100 μs and repeated at a rate of 2 kHz (repetition period of 500 μs). Treatment B is exactly the same as treatment A, except with a pulse amplitude of 500 V. Treatment C is composed of 200 × 500 μs periods containing 50 alternating positive and negative pulses of 1 μs duration and 500 V, separated by a 1 μs delay between each pulse, and the whole burst followed by a 300 μs delay before the beginning of the next burst (20,000 total pulses). Treatment D is a series of 20,000 × 1 μs alternating bipolar pulses of 500 V with a delay of 4 μs between each pulse. Each treatment consisted of 200 periods (N = 200) lasting 500 μs each (T = 500 μs), for a total treatment time of exactly 100 ms for each pulsing scheme (N× T = 100 ms).
Determination of cell electroporation threshold
Measurements were obtained from images captured three minutes post-treatment from cells treated with PEFs composed of waveforms similar to those appearing in treatments A & B, C, and D with varying amplitudes from 0 to 500 V, corresponding to electric field intensities of 0−1250 V/cm (±3.5%, depending on cells' precise location between the two electrodes). Cells were stained with PI in the same manner as described previously. To generate the electroporation threshold curves in Fig. 3 , the ratio of cells containing detectable levels of PI to total cells was calculated and plotted.
Image processing
Image processing was performed using ImageJ (2.0.0) (U. S. National Institutes of Health, Bethesda, MD) and Python 3.5.1. For the time series data, images were thresholded by intensity at 0.5% of the total dynamic range of the 12-bit camera used. Within each image, a rectangular region of interest was identified around the fluorescent polar regions of the cell and the arc lengths. The corresponding arc angles within these regions were calculated using additional information from bright field images taken prior to electroporation to estimate the radii of the spheroidal cells (Fig. 4) . The fluorescence intensity at the anodic and cathodic poles along the cell membrane were determined by averaging 10 pixels along the radial direction for each pixel around the cell membrane to estimate the circumferential fluorescence intensity profile. The fluorescence intensity at the cell poles is reported as the average intensity of the circumferential between ±5
∘ of the pole (90°for the anode and 270°for the cathode) normalized to the background. To quantify the anodic-cathodic crescent asymmetry, two-sample z-tests were performed for each treatment group for the anodic and cathodic electroporated arc lengths and average fluorescence intensities.
Propidium uptake calculation
The Nernst-Planck equation describes the conservation of mass in an electro-diffusion system, and has historically been used to model the mass transport in electroporated cells [62] [63] [64] . In the case of a cell in a media-filled well, the fluid is stationary. Additionally, over the timescales observed, the image exposure time was 2 times greater than the total duration of the electrical pulses, which only took place during the first imaging frame. Therefore, the applied electric field is not present in the subsequent frames and the potential-dependent term disappears. These simplifications leave the purely diffusive Fick's law J ¼ −D c ∇c as the principle equation governing the molecular transport during the post-pulsing imaging sequences where c and D c are the concentration and diffusivity of PI, respectively, and J is the flux vector. Assuming that there exists an ample concentration of PI in the cell exterior such that the concentration anywhere outside the cell along the radial direction is the same,
where A is the surface area of the cell membrane and V is the volume of the cell. The radial derivative in Eq. (3) can be discretized using ∂ c/∂ r ≈ (c out − c)/d m and the whole equation may then be rewritten in terms of the net permeability P m of the membrane along the outward radial direction as [62] ∂c ∂t
where d m is the thickness of the cell membrane. It has been shown that there exists a linear relationship between average fluorescence intensity I and concentration c of bound fluorescent PI at concentrations on the order of those in the experimental setup herein [63, 65, 66] . Representing this relationship as c=αI with proportionality constant α, and substituting this expression into Eq. (4), an expression may be found that approximates the effective membrane permeability by the equation
where I sat is the average fluorescence intensity of the cell at saturation. Fig. 7 shows the intensity of an average cell exposed to PEF treatments A, B, C, and D. In each frame (5 Hz image acquisition rate), the average fluorescence intensity of the cell is shown on the left panel. The change in intensity over time is shown in the middle panel and indicates that the fluorescence intensity reached a maximum for cells exposed to treatment B before decaying. Using the data from treatment B to determine the saturation concentration of PI (i.e. the fluorescence intensity at t = 10 s) the permeability of the membrane may be determined for the Fig. 3 . Cells exposed to PEF treatments of high-frequency bipolar pulses become electroporated similarly to cells exposed to longer monopolar pulses, though at higher electric field intensities. Fluorescent images were thresholded at 1% of the camera's dynamic range and overlaid on corresponding bright field images prior to counting. If a cell contained any fluorescence above the threshold value, it was considered electroporated.
remaining treatments: A, C, and D (right panel of Fig. 7 ). The right panel shows the permeabilization of each cell calculated using Eq. (6). The trace for treatment B introduces a singularity in the permeabilization plot because the denominator becomes zero when the fluorescence intensity is at a maximum. This is not the case for treatments A, C, and D because they are less permeabilized and therefore are evaluated in this manner.
Results
Short bipolar PEFs require higher amplitudes to obtain detectable cell permeabilization compared to long monopolar PEFs
In cell populations exposed to the long, monopolar pulses in PEF treatments A and B (indicated as A & B), we detected intracellular PI at electric field intensities approximately 500 V/cm lower than in populations exposed to the bursts and continuous applications of short, bipolar pulses in PEF treatments C and D, respectively. For waveforms A & B, cell permeabilization is detected above 250 V/cm, at least 20% of the cell population is repeatably permeabilized, with the fraction of permeable cells increasing steeply until saturation at approximately 600 V/cm, where 100% of the population of cells is permeabilized as determined by measurable concentrations of PI (Fig. 3) . Waveforms C and D require higher amplitude electric fields to permeabilize cells, whereby membrane permeabilization by PI can be detected above 900-1250 V/cm. However, little difference exists in the permeabilized population between C and D waveforms, with only marginally lower thresholds exhibited for the bipolar bursts in waveform C. Due to the limitations of the pulse generator, 500 V (corresponding to an electric field intensity of 1250 V/cm) was the maximum amplitude tested experimentally, which was slightly too low to achieve complete permeabilization in the case of treatments C and D.
Bipolar bursts of PEFs generate smaller, less permeabilized regions on the cell membrane than monopolar PEFs
Spatially and temporally resolved PI uptake into single cells was observed in vitro and quantified using images obtained during and immediately following PEF treatment (Fig. 4) . The results indicate that the electroporated region of the cell membrane allowing PI transport is smaller for treatments C and D than for treatments A and B. These crescent-shaped regions correspond to regions on the cell membrane that have exceeded the transmembrane potential threshold and become electroporated or exhibit increased permeability. For all tested waveforms, PI uptake was detected only across membrane regions facing the anode (positive electrode) and cathode (negative electrode).
As known from previous studies, the regions of the cell membrane allowing PI transport correspond to regions of the membrane that have become destabilized and allow molecular exchange between the intracellular and extracellular environments. For monopolar waveforms A and B, the arc length of the detected permeabilized membrane region was significantly (p b 0.0001) larger on the anodic side compared to the cathodic side, with waveform B resulting in larger permeabilized region than treatment A (Fig. 5 ). Both observations are consistent with previous reports [15, 17, 66] . Waveform C resulted in equal arc lengths corresponding to the permeabilized membrane regions on both sides of the membrane, whereas waveform D resulted in larger arc lengths on the anodic side, but at a lower significance level (p =0.0454b 0.05), with both waveforms C and D resulting in about 50% less PI uptake at the same amplitude and treatment time as treatments B (Fig. 5) . This trend is evident in Fig. 5 , by the significantly lowered cathodic electroporated regions in treatments C and D compared to those in treatment A and B. The much greater time rate of intensity change in Fig. 6 also indicates less surface area of the membrane is electroporated and within this area, the transport of PI is reduced by 50% in treatment C, compared to treatments A and B. Significant changes in the cell's spherical shape were not apparent during the observation period with an average change in radius elicited in cells by treatment A of −4.25 ± 2.10% (n = 16), by treatment B of −6.84± 1.91% (n =15), by treatment C of 5.62 ± 0.61% (n = 22). and by treatment D of 5.83 ± 0.53% (n = 18). The change in radius of the untreated cells was 2.27± 0.93% (n = 7; mean ± standard error).
Membrane resealing and concentration gradients compete to limit PI influx
PI flux into an electroporated cell is ultimately limited by two competing mechanisms: concentration gradients and membrane resealing (Eq. (4)). Fig. 6 shows how the fluorescence intensity time derivative along a cell's anode-to-cathode diameter (parallel to the electric field) changes over time, normalized to the cell radius. In order to become maximally fluorescent, PI must enter the cell and bind to nucleic acids. It was observed that the binding process is sufficiently rapid and occurs within microseconds of the PI entering the cell [63] . While small portions of the fluorescent region in some cells reach values near the saturation intensity of the camera sensor, the whole-cell fluorescence measurements are an average over the entire cell and plateau at a value roughly 75% of the maximum 12-bit camera sensor value (i.e. 4095). Therefore, the average fluorescence intensity changes within the cell are directly proportional to the PI that has entered the cell. Fig. 6 shows how the change in fluorescence intensity at the two cell poles is rapid at time t ≈ 0, corresponding to the initial rapid entry of the PI into the cell unilaterally across all treatments. However, differences quickly arise when the evolution of the intensity change profile is observed between each PEF treatment. Treatments A, C, and D indicate that an initial rapid influx of PI occurs at the cell poles followed by a long, gradual decay, though the values are always positive. The asymmetries observed between the PI uptake at the cells' anodic and cathodic poles in treatment A are recapitulated in the temporalspatial evolution profiles in Fig. 6 . Following treatment B, however, the change in PI intensity reaches steady state for t N 10 s in treatment B, indicating that the membrane permeability has led to a relatively rapid saturation of nucleic acid binding sites. Treatments C and D of equivalent amplitude never reach this equilibrated state within the observation period (30 s post-treatment). In treatment A, the membrane never reaches the same permeabilized state as in treatment B to allow similar concentrations of intracellular PI. Because treatment B reaches equilibrium much faster than treatments A, C, and D and in each trial, the cell was exposed to the same concentration of extracellular PI, membrane permeability is the effect in treatments A, C, and D that largely limits the observed PI uptake for PEF treatments prior to reaching diffusive equilibrium.
Discussion
Higher amplitude is required for short bipolar PEFs to achieve similar permeabilized region sizes and degrees as longer monopolar PEFs
The degree of permeabilization and surface area of the permeabilized membrane region both depend on PEF parameters used. Here, we show that PEF treatments consisting of trains of bipolar pulses on the order of 1 μs require much greater amplitudes to generate similar levels of electroporation compared to those observed in longer pulse width monopolar PEFs (Fig. 3) , for equivalent total treatment times. As determined through PI transport, these permeabilized regions appear similarly fluorescent to cells exposed to monopolar PEFs on the order of 100 μs (treatments A and B; Figs. 5). Further, in treatments A and B, (delays of 400 μs between pulses), and treatment D (delays of 4 μs between pulses), cells exhibited greater permeability on the anode-facing cell region than the cathode-facing region (p = 0.01). The span of the permeabilized region, in addition to the degree of permeabilization, is varied between short bipolar pulses and longer monopolar pulses and increases the net PI uptake observed in vitro. Treatment C, however induced similar degrees of permeabilization within similarly-sized regions at both poles, indicating that the mechanisms driving PI uptake occur on the time scale of~1 μs.
The decreased permeabilization observed following short bipolar PEFs, despite equivalent-amplitude and equivalent treatment times, has been largely attributed to two biophysical mechanisms: incomplete charging and assisted discharge. The characteristic charging time of the cell membrane is on the order of 1 μs [68] , which is two orders of magnitude smaller than the pulse width of PEFs typically used in ECT, GET, and traditional IRE. When the pulse width of the applied electric field approaches the charging time of the membrane, a significantly reduced induced transmembrane potential ( Fig. 8 ; calculation performed as in [69] , using the conductivity of the low-conductivity buffer given in Section 2.1). Low-conductivity extracellular medium typically used in in vitro studies to limit heating by minimizing the current flow may lengthen the membrane charging time further. If the transmembrane potential is unable to reach the same amplitude attained by short bipolar pulses as it does when longer monopolar pulses are applied, the probability of membrane permeabilization decreases.
For such short bipolar pulses, a pulse cancellation or healing mechanism has also been proposed to account for decreased PI uptake for pulses of nanosecond pulse widths (nsPEFs).
While not yet rigorously explained, the second square nsPEF pulse following an initial nsPEF pulse of opposite polarity has been observed to negate a portion of the membrane restructuring induced by the first pulse [70, 71] . When the delay between the first and second pulse is increased, the cancellation effect is mitigated, as if two pulses were delivered independently [72] . This cancellation mechanism could explain the greater electroporation voltage threshold (Fig. 3) in addition to the asymmetries in treatments A and B. (Fig. 5) . The alternating polarity, pulse width, and intra-pulse delay on the order of the membrane charging time could account for the symmetry in electroporated region observed in treatment C: both sides of the membrane become similarly permeabilized because the differences induced on any particular side by one pulse are quickly mitigated and/or balanced by a second pulse of opposite polarity.
Propidium ions continue to enter the cell long after completion of PEF treatment
The presence of fluorescence signal indicates that the cell membrane remains permeabilized long after the conclusion of the applied electric field (Fig. 6) . If electrophoresis is the dominant mechanism for propidium ion influx, the electrophoretic force acting on the propidium ions is necessarily parallel to the electric field [64, 66] . The ions would enter the cell from only one of the poles, depending on their charge and the directionality of the electric field. In this case, it is possible that the electrophoretically-driven propidium ion flux would force concentrations of propidium ions into the cell membrane beyond the concentration of binding sites available. Upon removal of the electric field, intracellular diffusion would slowly allow binding of the remaining propidium ions until the binding sites are saturated with propidium ions throughout the cell, even if the membrane quickly reseals [64] . The presence of fluorescence signal in both regions following completion of monopolar PEF treatments A and B indicates that propidium ions are able to diffuse throughout the unsaturated binding sites on the cellular interior. If the permeability of the cell membrane is sufficiently large as to allow diffusive equilibration and subsequent binding-site saturation, as in the case of cells exposed to PEF treatment B, the cell's fluorescence intensity plateaus quickly and it becomes difficult to visualize changes in a cell's net permeabilization. In this case, all of the propidium ion binding sites are occupied and the fluorescence intensity will not increase further. Fig. 5 indicates that the cells exposed to treatment A (long monopolar PEFs) have larger membrane areas that are permeabilized to a greater degree than for treatments C and D. With 60% lower amplitude, treatment A is able to generate a twofold increase in effective permeability over treatments C and D (Fig. 3) , which generate similar permeability states (Fig. 5) .
Spatial observations of the regions of increased permeability in vitro are also important for an in silico model seeking to accurately describe electroporation. The electroporated membrane regions around a spherical cell must be finite for a molecule of a specific size. If a molecule is typically unable to pass through the membrane, and only through portion does transport occur, and in agreement with previous literature, the permeabilized region of the membrane is finite and dependent on the pulse parameters chosen for a given PEF treatment [62] . Though treatments A and B elicited significantly larger electroporated regions than treatments C and D (Fig. 5) , the fluorescent regions of the cells in Fig. 4 are discrete and considered the only portions of the membrane to allow transmembrane transport of propidium ions [62] . The presence or absence of asymmetry in electroporated arc length has been shown to depend on the waveform of the applied electric field. For treatments comprised of long-duration monopolar pulses (100 ms), longer than those in as treatments A and B (100 μs), asymmetrical uptake of PI has been observed [66] and this effect has been replicated here with the intensity (Fig. 5 ) and time change of intensity on the cathodic and anodic hemispheres of the cells observed (Fig. 6 ).
Objective analysis of different electroporation protocols may be performed using permeability estimates
When PI binds to nucleic acids, it undergoes a dramatic fluorescence increase, making it useful in assays for evaluating membrane integrity, such as cell death [19] or membrane permeabilization [66, 67] , which rely on a binary result. Continuous measurements have been performed [65] using chemical agents to calibrate fluorescence intensity measurements, though they have not been used to study the temporal evolution of membrane permeability induced by electric fields with pulse widths on the order of the characteristic membrane charging time. Figs. 6 and 7 show that the fluorescence change over time has ceased and the average fluorescence intensity has plateaued at t ≈ 10 s, indicating that the PI binding reached a maximum. By quantifying the cell membrane's permeability, it may be possible to objectively evaluate treatments with radically different pulse parameters by comparing the effective permeability-and therefore potential molecular transport-induced by different PEF treatments. Electroporation pulse parameters of different timescales, different amplitudes, and different waveforms may be analyzed by evaluating the permeabilization they induce. Indeed, two arbitrary sets of pulse parameters may be theoretically evaluated for clinical treatment using the membrane permeabilization as an objective measurement for the efficacy of the treatment.
Complicated by the binding kinetics that generate the observed PIbased fluorescence, the ultimate fluorescence value at each point depends on the concentration distribution of nucleic acids within the cell. A valid discussion of these results is not complete without a consideration of the limits and drawbacks of this type of analysis. First, the saturation intensity I sat may not correspond to an absolute concentration, but rather serves as a point of comparison between several treatment schemes. Assigning a value of I sat to the maximum intensity observed allows permeability measurements to be evaluated between each treatment. Therefore, it also must be noted that the permeability measures observed are relative to a specific fluorescence value: in this case, the maximum observed in a cell. However, referenced to that point, the relative permeability induced by several different PEF treatment schemes may still be determined.
One particularly apparent drawback of calculating the relative membrane permeability in this manner is apparent in the third panel of Fig. 7 : the complication that photobleaching could present. Eq. (4) indicates that the average intensity at every time point is subtracted from the average maximum intensity at saturation to resolve the calibration curve. When these measurements are close to the maximum average fluorescent value of the saturated cell, the denominator approaches zero (I sat − I → 0) and the calculation no longer reflects the effective permeability of the cell membrane near this singularity, such as for treatment B in the third panel of Fig. 7 . In order for Eq. (4) to reflect a realistic estimate of the relative permeability of one treatment with respect to a reference, the average fluorescence intensity of the cell I must be sufficiently lower than the reference point I sat .
Clinical implications for bursts of short bipolar microsecond pulsing schemes
Recently, reports of in vivo high-frequency IRE (HF-IRE) treatments have shown that bursts of pulses of 1 μs widths and alternating polarities (bursts similar to those in treatment C), applied at a repetition frequency of 1 Hz, could be useful in the clinical setting. These HF-IRE pulses overcome the need for pre-operative neuroparalytic treatment and intra-operative cardiac synchronization when performing IRE treatments [19, 20, 49] . If incomplete charging is the primary mechanism driving decreased cell permeability at similar amplitudes using shorter pulse widths, the lack of muscle contractions observed in HF-IRE could be the result of a similar mechanism. By not sufficiently charging neurons to generate an action potential with a single pulse, then quickly discharging them with an electrical pulse of opposite polarity to exploit an assisted discharge effect, a much greater probability exists that neurons may never reach the necessary voltage threshold for the necessary duration to elicit an action potential [73] . Through such a mechanism, cellular electroporation (Fig. 4 ) may still occur, but without the muscle contractions induced by excited nervous tissue.
In overcoming these challenges, HF-IRE has the potential to enable electroporation-based treatments with reduced pain in an out-patient clinical environment. HF-IRE, however, presents the added challenge of rendering the cell membrane significantly less permeabilized (treatments C and D) than the traditional longer monopolar pulses at similar pulse amplitudes and total treatment times (treatments A and B), as observed in Fig. 5 . It should be noted that the low-conductivity buffer used in this study artificially increases the transmembrane potential rise time by limiting the electrical charge allowed to build on either side of the membrane. In so doing, the system deviates from an in vivo scenario with higher-conductivity extracellular media, but may still explain the increased potential threshold requirement for electroporation using HF-IRE over IRE. The results of this in vitro study do not exactly mirror an in vivo tissue, but instead serve to highlight the differences between different clinically relevant PEF treatment parameters and identify a possible mechanism to explain the differences observed on the cellular level when different pulse parameters are applied. It must be noted, however, that this study was expressly designed to study electroporation and subsequent transport immediately post-treatment. The viability of cells will decrease following exposure to temperatures in excess of 40°C for extended periods of time [74] , whereas the observational period for this study was immediately prior to, during, and post-treatment for 30 s and the temperature increase increased the temperature yet remained within a physiological range (ΔT ≈ 12°C from 25°C to 37°C. Therefore long-term thermal damage (i.e. protein denaturation, etc.) affecting cellular viability was not considered in this work.
The practical implication of using HF-IRE treatments over IRE is that greater-intensity electric fields must be applied to offset the decreased transport while retaining the potential utility of HF-IRE treatments. The challenges presented by HF-IRE's shorter pulse widths may be mitigated through using higher pulse amplitudes to maximize the total membrane permeability (Fig. 3) , while retaining its benefits of overcoming the need for neuroparalytics and generating more homogeneous lesions. The electrical stimulation threshold required to generate action potentials in neurons increases with decreasing pulse widths [73] , which allows the short bipolar electrical pulses used in HF-IRE to remain below these thresholds yet still effectively electroporate cells [20] , as demonstrated here. In silico modeling of electroporation is particularly useful and may provide a numerical method for further optimizing pulse parameters to achieve similar effectiveness Fig. 7 . The permeability induced by long, monopolar PEF treatments A and B induce significantly greater membrane permeability than short bipolar treatments C and D. The evolution of the average fluorescence intensity of the cells over time is plotted for treatments A, B, C, and D (left). The evolution of the change in fluorescence intensity over time is plotted for each of the treatments (center). Knowing the evolution of fluorescence intensity and its first derivative with respect to time enables the calculation of membrane permeability P m using Eq. (6) (right). If, as in the case of the treatment B, the propidium concentration ceases to change while P m ≠0, as evidenced by the continued change in the other treatment plots in Fig. 6 , diffusive equilibrium has been established quickly. This enables the calculation of the maximum saturation intensity I sat used in Eq. (6) to calculate the permeability of the other treatments. Fluorescence intensity measurements I are given in arbitrary units and permeability P m is given in s −1 . The effective permeability generated by treatment B reaches equilibrium quickly and creates the singularity in the P m profile in the third panel, as the equilibrium fluorescent value induced by treatment B was used in the calculation of the other profiles using Eq. (6). as IRE while retaining the tangible in vivo benefits HF-IRE offers for patient care.
Conclusion
Clinical electrochemotherapy, gene electrotransfer, and irreversible electroporation treatments directly depend on cell membrane permeabilization and consequent transmembrane molecular transport of small molecule drugs to perturb cellular homeostasis. Real-time imaging and subsequent single-cell analysis were performed on cells exposed to pulsed electric fields composed of significantly different pulse parameters and schemes. The effective cellular membrane permeability was calculated using saturated cells to determine the maximum fluorescence intensity of PI-saturated nucleic acids. Fick's law was used to calculate the change in permeability over time for cells treated with each pulsing scheme. Cells treated with short bipolar pulses delivered in bursts of rectangular pulses on the order of 1 μs with a 1 μs interpulse delay produce more symmetric permeabilization, in both size and degree, at the extreme cathodic and anodic regions along the cell membrane while exhibiting a higher electroporation threshold. These data were observed through transport and subsequent binding of PI across the cell membrane and suggest that efficient membrane permeabilization may be achieved using high-frequency bipolar bursts of electrical pulses. The permeabilization of cells using HF-IRE may be achieved at the cost of greater electric field amplitudes to overcome the challenges presented by electric fields with pulse-widths on the order of the membrane charging time. These results indicate that HF-IRE type electrical pulses are able to generate similar, though more symmetrical permeabilization, which translates to more predictable cellular response and, therefore, may ultimately result in greater clinical precision when performing IRE, ECT, and GET procedures.
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